We propose and experimentally demonstrate a new scheme to reduce the energy consumption of optical network units (ONUs) in orthogonal frequency division multiplexing passive optical networks (OFDM PONs) by using time-domain interleaved OFDM (TI-OFDM) technique. In a conventional OFDM PON, each ONU has to process the complete downstream broadcast OFDM signal with a high sampling rate and a large FFT size to retrieve its required data, even if it employs a portion of OFDM subcarriers. However, in our scheme, the ONU only needs to sample and process one data group from the downlink TI-OFDM signal, effectively reducing the sampling rate and the FFT size of the ONU. Thus, the energy efficiency of ONUs in OFDM PONs can be greatly improved. A proof-of-concept experiment is conducted to verify the feasibility of the proposed scheme. Compared to the conventional OFDM PON, our proposal can save 17.1% and 26.7% energy consumption of ONUs by halving and quartering the sampling rate and the FFT size of ONUs with the use of the TI-OFDM technology.
Introduction
Due to its high spectral efficiency, flexible bandwidth allocation, and robust dispersion tolerance, orthogonal frequency division multiplexing passive optical network (OFDM PON) has attracted great interests in recent years as a promising solution to future-proof broadband access [1] [2] [3] [4] [5] [6] . However, from the perspective of energy efficiency, OFDM PON consumes much more energy than time division multiplexing (TDM) PON, since it employs a great number of energy-hungry analog-to-digital converters/digital-to-analog converters (ADCs/DACs) and digital signal processing (DSP) chips [7] . In order to reduce the energy consumption of OFDM PONs, several approaches have been reported in literatures, which employ variable precision DSP chip [8] and traffic-adaptive OFDM transceiver [9] . Also, in our previous works, two schemes utilizing shared OFDM transceiver [10] and hierarchical modulation technology [11] were proposed to improve the energy efficiency of optical line terminal (OLT) in OFDM PONs.
In an OFDM PON, there are typically tens of optical network units (ONUs) and one OLT. Therefore, the energy dissipated by ONUs accounts for a large portion of the total energy consumption of the PON system, which is about 80% according to Ref [7, 12] . On the other hand, the ONUs exhibit poor energy efficiency because they must process the complete downlink OFDM signal with a high data rate to retrieve their own data even though they only occupy a few number of OFDM subcarriers. In TDM PONs, a technique of bit interleaving was proposed to overcome a similar issue [13, 14] . Nonetheless, there still have no efforts to resolve this problem in OFDM PONs, which is more serious due to the employment of ADC/DAC and DSP chips with high energy consumption in the ONUs.
In this paper, we propose a time-domain interleaved OFDM (TI-OFDM) technique to improve the energy efficiency of ONUs for OFDM PONs. In the OLT, the data transmitted to the ONUs are divided into multiple groups, which are separately processed by IFFT with a small number of points to obtain several OFDM signals. The TI-OFDM signal is generated by interleaving the OFDM signals in the time domain and then delivered to the ONUs. Each ONU samples and processes one group of data from the TI-OFDM signal with a low sampling rate and a small FFT size to recover its required data. Since a high-speed ADC is usually composed of multiple paralleled low-speed sub-ADC modules, a part of ADC chip can be powered off when the sampling rate decreases [9] . Moreover, the computation amount of the DSP chip in the ONU is reduced with the decrease of the FFT size [12] . Thus, the energy consumed by the ONUs in the OFDM PON can be effectively saved by using our proposed TI-OFDM technique. A proof-of-concept experiment is performed to achieve 17.1% and 26.7% energy savings of ONUs by dividing the downstream data into two and four groups, respectively, by using the TI-OFDM technique. It is worth noting that a trade-off between the number of data groups and the network performance should be made since the TI-OFDM technique would induce more power penalty for the OFDM system with the increase of the number of data groups. The basic principle of the proposed TI-OFDM technique is depicted in Fig. 1 . The input binary data is firstly converted to N paralleled data strings through a serial-to-parallel converter. With constellation mapping, the data strings are transformed to symbol strings, which are then divided into k data groups (data 1 , data 2 ,…, data k ). Each group is processed by t-point IFFT to generate an OFDM signal as shown in the insets (i-iii) of Fig. 1 . N, k, and t meet the relationship of N = k × t. The TI-OFDM signal is formed by interleaving the k OFDM data in the time domain. After parallel-to-serial conversion, the TI-OFDM signal is output by a DAC as described in the inset (iv) of Fig. 1 , in which each frame contains N data points from k different groups. At the receiver, one can simply sample and process the required data group from the TI-OFDM signal to obtain its information data. Compared to the conventional OFDM signal generated by N-point IFFT, the TI-OFDM technique greatly reduces the sampling rate and the FFT size of the receiver while maintaining the same frame rate for the DSP chips. Figure 2 describes the schematic diagram of the energy-efficient OFDM PON based on the TI-OFDM technique. At the OLT, a continue wave (CW) light is injected into a MachZehnder modulator (MZM), which is driven by an electrical OFDM signal. In a conventional OFDM PON, the input data transmitted to all ONUs is processed by an N-point IFFT to generate the OFDM signal as shown in the inset (i) of Fig. 2 . However, in our scheme, the input data are divided into k data groups and each group contains the data of one or several ONUs. After N/k-point IFFT, the k OFDM data are interleaved to produce a TI-OFDM signal, which is then output by a DAC with a sampling rate of M GSa/s. Through E/O conversion in the MZM, the optical TI-OFDM signal is generated and launched into an erbium doped fiber amplifier (EDFA). A following tunable optical filter (TOF) is used to suppress the amplified spontaneous emission (ASE) noise. After standard single mode fiber (SSMF) transmission, the downstream TI-OFDM signal is split into n parts by an optical splitter. Each part is routed and delivered individually to an ONU by a distribution fiber. At the ONU, the optical TI-OFDM signal is detected by a photo detector (PD). By matching the synchronization message transmitted to the ONU from the OLT [14] , the ADC with an appropriate time delay in each ONU samples one group of data from the TI-OFDM signal, which includes the information data required by that ONU. After converting from serial to parallel format and removing cyclic prefix, the sampled data is processed by N/k-point FFT and corrected by an equalizer to retrieve the required data. Generally, each ONU in the conventional OFDM PON has to sample and process the data transmitted to all ONUs with a sampling rate of M GSa/s and a FFT size of N. Nonetheless, by using our proposed TI-OFDM technique, the sampling rate and the FFT size of the ONUs are reduced to M/k GSa/s and N/k points. Since the energy consumed by the ADC and DSP chips accounts for a great part of the total energy consumption of ONUs [7, 12] , the energy efficiency is improved for the ONUs in OFDM PON by exploiting the proposed TI-OFDM technique. Figure 3 shows the proof-of-concept experimental setup of OFDM PON with energy-efficient ONUs based on the proposed TI-OFDM technology. In the OLT, a CW light at 1558 nm from a distributed feedback (DFB) laser is fed into a 10-GHz single-drive MZM. The MZM is biased just above the null point of the transmission curve and driven by an electrical OFDM signal. We assume that there are 32 ONUs and each ONU has a data rate of 320 Mb/s, thus the total traffic of OFDM PON is 10 Gb/s. The OFDM data is generated offline by Matlab. As shown in the inset (i) of Fig. 3 , the input binary data is converted from serial to parallel format and mapped into 16-quadrature amplitude modulation (16-QAM) constellation. The paralleled symbol strings are divided into two groups and each group contains the data of 16 ONUs. The subcarrier numbers of two data groups are both 128, in which 64 subcarriers are filled with data and others are set to be zero as guard band. In order to realize direct-detection optical OFDM, Hermitian symmetry is implemented in the data subcarriers to provide real numerical output data [15, 16] . After 128-point IFFT, the generated OFDM data of two groups are interleaved with each other to constitute a TI-OFDM signal. A cyclic prefix of 20 samples is added for alleviating inter-symbol interference (ISI) caused by chromatic dispersion. Then the TI-OFDM signal is output by the Tektronix AWG 7122C with 10-GSa/s sampling rate and 8-bit resolution which functions as a DAC. After E/O conversion at the MZM, the optical TI-OFDM signal is launched into an EDFA. A following TOF is employed to mitigate the ASE noise. Through a 25-km SSMF transmission, the downstream signal is split by a 1:32 optical splitter at the remote node. At the ONU side, a PD is used to detect the optical TI-OFDM signal and a Tektronix real-time oscilloscope (DSA 70804) at 5 GSa/s is followed to sample the electrical signal. In order to sample different data groups in the TI-OFDM signal, an electrical delay line (SHF 2000DEL WOC) is employed after PD to obtain an appropriate time delay in the experiment. In practical access networks, a controlling unit is needed to properly adjust the sampling time of the ADC chip in the ONU. With the use of sampled data, a 128-point FFT and a single-tap equalizer are implemented offline to retrieve the required data of the ONUs as shown in the inset (iii) of Fig. 3 . In our experiment, we also implement the transmission of the TI-OFDM signal with four data groups, in which the FFT size and the sampling rate of ONU are reduced to 64 points and 2.5 GSa/s, respectively. In a conventional OFDM PON, each ONU usually samples and processes the data transmitted to all the ONUs with a high sampling rate and a large FFT size to recover its required information data. As depicted in the insets (ii) and (iv) of Fig. 3 , the sampling rate and the FFT size are 10 GSa/s and 256 points respectively for the ONUs in the conventional OFDM PON. However, by using TI-OFDM technique, each ONU only needs to process one data group in the TI-OFDM signal, thus greatly reducing the sampling rate and the FFT size of ONUs, and therefore improving the energy efficiency of ONUs for the OFDM PON. Fig. 4(b) , the receiver sensitivity at the FEC limit is about −18.7 dBm for the signal of the proposed OFDM PON with two data groups, which is a little worse than that of the conventional OFDM PON by ~0.3 dB. However, for the TI-OFDM PON with four data groups, the receiver sensitivity of the ONU is degraded by 1.2 dB compared to that in the conventional OFDM PON as shown in Fig. 4(b) , which can be mainly attributed to the serious ISI induced by frequency overlapping of different data groups. Therefore, aggregating all the downlink broadcast data into two or four data groups can effectively reduce the energy consumption of ONUs in the practice network as long as the access system has a little power margin.
Operation principle
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Numerical analysis for energy efficiency
In order to quantitatively analyze the energy efficiency of ONUs, we investigate an OFDM PON supporting 32 ONUs based on the TI-OFDM technique. The total power consumption of devices in each ONU in a 10-Gb/s conventional OFDM PON is estimated to be 3.5 W, in which the ADC/DSP chip dissipates about 1.5 W according to the data provided in Ref [7, 12, 17] . Here, we only consider the variation of power consumed by the ADC/DSP chip. Denote P(1), P(2), and P(4) as the power consumptions of the ADC/DSP chip when it operates in the conventional OFDM PON and the proposed OFDM PON with two and four data groups. Assume P(1): P(2): P(4) = 1: 1/2: 1/4. We also define offered load as the ratio of current traffic volume over the maximum system-supported capacity in the OFDM PON. At the OLT, the downlink data is firstly divided into two groups and each group contains the data of 16 ONUs. Only if the offered loads of the two data groups are both lower than 50%, the TI-OFDM technique with two groups can be applied in the access network. Thus, the power consumption of the ADC/DSP chip is reduced from P(1) to P(2) for all 32 ONUs. Similarly, the TI-OFDM signal with four data groups can be used in the OFDM PON when the offered loads of four groups are all lower than 25%. In this case, the power dissipation of each ONU is decreased from P(1) to P(4). If both two conditions cannot be satisfied, the conventional OFDM signal with one data group is employed in the OFDM PON. For convenience, we define the OFDM PON that can aggregate the downstream data into one or two groups as TI-OFDM PON 1 , and the one that can divide the data into one, two or four groups as TI-OFDM PON 2 . Here, we use the numerical analysis model and premises in Ref [10] . to calculate the power consumptions of ONUs in the proposed TI-OFDM PON 1,2 . In this model, the current traffic speed (r) of each ONU obeys a normal distribution N(R, σ), where R is the offered load and σ is the variance of the traffic of customers. Sleep mode mechanism is also applied in our analysis, i.e., the ADC/DSP chip is powered off when r ≤ 0. Figure 5(a) shows the calculated mathematical expectations of the total power consumptions of ONUs with the variation of the offered load in the conventional OFDM PON and the proposed TI-OFDM PON 1,2 . It is clearly observed that the power consumption of ONUs is effectively reduced in the OFDM PON by using the proposed TI-OFDM technique compared to the conventional OFDM PON. Moreover, with the increase of the number of the data groups, the power consumption of ONUs is dramatically decreased at the cost of the degradation of the system performance. Therefore, a trade-off between the energy efficiency and the network performance should be carefully considered in the practical access network. Figure 5 (b) depicts the network traffic in the course of an average day in the fixed access networks of North America [18] , which indicates that the traffic demands from end users fluctuate over the time. Based on the data presented in Fig. 5(b) , we provide the calculated power consumption of ONUs versus time in different OFDM PONs in Fig. 5(c) . In the conventional OFDM PON, the energy consumption of ONUs in an average day is about 2.55 kW·h. However, by using the TI-OFDM technique, the energy dissipation of ONUs is about 2.11 kW·h and 1.87 kW·h in the TI-OFDM PON 1 and TI-OFDM PON 2 , respectively. Therefore, compared to the conventional OFDM PON, energy savings of 17.1% and 26.7% are achieved in the ONUs for the energy-efficient TI-OFDM PON 1,2 , respectively. 
Conclusion
We have proposed a scheme to improve the energy efficiency of ONUs in the OFDM PON using the TI-OFDM technique. A proof-of-concept experiment is conducted to halve and quarter the sampling rate and the FFT size of ONUs, validating the feasibility of the proposed scheme. Numerical analysis shows that up to 26.7% of energy dissipated in the ONUs can be reduced by exploiting our proposal.
